Background: The TGF-b signaling pathway plays a significant role in the carcinogenic process of breast cancer. Methods: We systematically evaluated associations of common variants in TGF-b signaling pathway genes with breast cancer risk using a multistage, case-control study among Asian women.
Introduction
The TGF-b signaling pathway is composed of several multifunctional cytokines and receptors that are involved in regulating various essential cellular processes including growth, differentiation, apoptosis, angiogenesis, and homeostasis (1, 2) . This pathway also plays an important role in the development and progression of multiple human diseases, such as cancer, asthma, autoimmune, and cardiovascular diseases (2) (3) (4) (5) (6) . In the context of cancer, the TGF-b signaling pathway has both tumor-suppressing and tumor-promoting functions depending upon the cellular context. In the early stages of cancer, TGF-b signaling can inhibit tumor growth, whereas in later stage cancers, tumor invasiveness, and metastasis are promoted by TGFb signaling (1, 3) .
Signal transduction of the TGF-b ligands [TGF-b1, TGFb2, and TGF-b3] is mediated through interactions with their receptors. The ligands first bind to TGFBR2, a transmembrane serine/threonine protein kinase receptor; this interaction is sometimes mediated by TGFBR3. This complex then binds to and activates TGF-b receptor 1 (TGFBR1), which in turn phosphorylates SMAD family member 2 (SMAD2) and SMAD3. Phosphorylated SMAD2 and SMAD3, in association with SMAD4, form a complex which accumulates in the nucleus and acts as a transcription factor to regulate target genes. SMAD7 can block the activation of SMAD2 and SMAD3, while the SMAD anchor for receptor activation (SARA, also known as ZFYVE9) stabilizes the SMAD4-TGFBR1 interaction (7, 8) . Genetic variation in constituents of the TGF-b signaling pathway may result in altered protein function, increased or decreased target gene transcription, and therefore, the development and progression of breast cancer.
Although there is considerable biologic plausibility for the involvement of the TGF-b signaling pathway in the development of breast cancer, limited information is available about the impact of genetic variation on breast cancer risk. Most studies of genetic variation in TGF-b signaling pathway genes and breast cancer risk have focused on a few single-nucleotide polymorphisms (SNP), and findings have been inconsistent. The most extensively studied variant in the TGF-b pathway is a SNP located in exon 1 of the TGFB1 gene (T29C, also known as rs1982073, which merged into rs1800470; refs. 7, 9-13). Although this SNP was shown to be associated with increased TGFB1 protein secretion, its association with breast cancer risk has been inconsistent (7, (9) (10) (11) (12) . Our recent field synopsis included data from 32 studies for this variant; no significant association with breast cancer risk was found using allelic, dominant, or recessive models (10) . Notably, results from a large study that evaluated 354 genetic variants in 17 TGF-b pathway genes for associations with breast cancer risk among women of European ancestry found that only this SNP (rs1982073, which merged into rs1800470) retained statistical significance after correction for multiple comparisons in analyses of progesterone receptor negative (PRÀ) breast cancer (14) . Three other TGFB1 variants (rs1800468, rs1800469, and rs1800471) and one TGFBR1 variant (rs11466445) have also been previously evaluated; meta-analyses for these SNPs have not found significant associations with breast cancer risk (10, 15, 16) .
This study was undertaken to comprehensively evaluate the associations of genetic variants in the TGF-b signaling pathway with breast cancer risk among Asian women. In the discovery stage, 341 genetic variants in 11  TGF-b pathway genes [TGFB1, TGFB2, TGFB3, TGFBR1,  TGF-b receptor 2 (TGFBR2), TGF-b receptor 3 (TGFBR3), SMAD2, SMAD3, SMAD4, SMAD7, and SARA] were evaluated among 2,926 cases and 2,380 controls from studies of Chinese women in Shanghai. Promising SNPs were then evaluated for replication of associations with breast cancer risk among an additional 1,890 cases and 2,000 controls from Shanghai. Finally, one SNP was further genotyped among 7,552 cases and 7,727 controls, comprised of 7 additional independent studies conducted among Chinese and Japanese women, as part of the Asian Breast Cancer Consortium.
Materials and Methods

Study population
The Shanghai Breast Cancer Genetics Study (SBCGS) includes data from 4 population-based studies conducted among Chinese women in (27) ; and 795 women from Nagano, Japan (28) , participating in the Asian Breast Cancer Consortium. Appropriate approval was granted from all relevant Institutional Review Boards and all included participants provided informed consent.
Genotyping and quality control
Over the past few years, we have genotyped TGF-b signaling pathway genes in several projects. To maximize our coverage of genetic variation for these genes, in the discovery stage, we included all genotyping data generated in these projects for this analysis. First, 88 haplotype tagging SNPs (htSNPs) in 11 genes were genotyped among 2,083 participants using a targeted genotyping system (Affymetrix Inc.). Second, 412 SNPs in 11 TGF-b pathway genes were genotyped as part of the Affymetrix Genome-Wide SNP Array 6.0 (Affymetrix Inc.) for 5,242 participants. Third, one SNP (rs1800469) was genotyped by TaqMan (Applied Biosystems) among 1,978 participants. Fourth, 3 SNPs (rs1800469, rs1800470, and rs1800471) were genotyped by RFLP among 2,277 participants. Finally, 2 SNPs (rs1461085 and rs2026811) were genotyped with the Sequenom iPLEX MassARRAY platform (Sequenom) among 1,978 participants. Twenty-seven SNPs were genotyped by more than one method, so that the total number of SNPs genotyped was 479. Analysis for stage I was conducted for 341 SNPs with a minimum minor allele frequency (MAF) of 5% among genotyped controls. Twenty promising SNPs were selected for additional stage II genotyping by the Sequenom iPLEX MassARRAY platform (stage II). One replicated SNP (rs1078985) was further evaluated among participants of SBCGS III and 6 Asian collaboration studies (stage III). Genotyping of these women was also carried out with the Sequenom iPLEX MassARRAY. For all genotyping methods, blinded duplicate samples and quality controls (QC) were included as described previously (17, 18) . All included SNPs had call rates and concordance rates of at least 95% among duplicates within each platform, as well as across genotyping platforms. Laboratory personnel were blinded to the case-control and QC status of all samples.
Statistical analysis
All statistical analyses, except where noted, were conducted with SAS version 9.2 (SAS Institute Inc.) and Stata 11.0 (Stata Corporation). Characteristics of demographic data between cases and controls were compared with the c 2 or t test for categorical or continuous variables, respectively. Hardy-Weinberg equilibrium among controls was evaluated using c 2 tests. ORs and corresponding CIs were determined by logistic regression models that included adjustment for age. Additive, dominant, and recessive models of effect were used for all SNPs. Interactions were evaluated using likelihood ratio tests for nested models; case-only analyses were used to evaluate associations between SNPs and tumor characteristics. Heterogeneity between stages I and II results was evaluated using the Cochran's Q statistic; significant heterogeneity was determined by P 0.10 (29). Pooled analysis was conducted with data from the SBCGS and the Asian Breast Cancer Consortium for the association between TGFBR2 rs1078985 and breast cancer risk. Linkage disequilibrium (LD) was assessed with SNAP (30) . The Bonferroni adjustment was used to address the issue of false positive findings arising from multiple comparisons. Quanto was used for power calculations (31) . All statistical tests were 2-tailed, and P 0.05 was interpreted as statistically significant unless otherwise indicated.
Results
A 3-stage study design was used (Fig. 1) . In total, 12,368 breast cancer cases and 12,107 controls were included in this analysis (Table 1 ). The 3 study stages included 2,926 cases and 2,380 controls from the SBCGS (stage I), 1,890 cases and 2,000 controls from the SBCGS (stage II), and 7,552 cases and 7,727 controls (stage III) from the SBCGS and the Asian Breast Cancer Consortium. Overall, cases were slightly older and more likely to be postmenopausal than controls. Information on breast cancer stage was available for the majority of the cases (91.8%) from the Shanghai studies; only 193 (3.0%) were in situ breast cancer (data not shown). Information about included SNPs and genetic coverage of 11 TGF-b signaling pathway genes is shown in Table 2 . In stage I, a total of 479 SNPs were genotyped across the TGFB1, TGFB2, TGFB3, TGFBR1, TGFBR2, TGFBR3, SMAD2, SMAD3, SMAD4, SMAD7, and SARA genes; of these, 341 had MAFs ! 5% among controls in our study population (Supplementary Table S1 ). Our coverage of the polymorphisms in these 11 genes (MAFs ! 5%) was estimated to be approximately 83.6% using an r 2 ¼ 0.8 and a pairwise tagging approach.
Associations with breast cancer risk for the 341 TGF-b signaling pathway SNPs with MAFs ! 5% yielded significant P values from additive, dominant, or recessive models for 43 SNPs (Supplementary Table S2 ). When possible, consistency of associations between SBCS-I and SBCS-II study populations was assessed; 5 SNPs (rs6696224, rs10493858, rs12132114, rs11165293, and Cancer Epidemiology, Biomarkers & Preventionrs12562433) in 4 loci had inconsistent associations between the 2 SBCS study populations and were not further evaluated. Using an r 2 ! 0.3, the remaining variants were found to represent 20 independent loci. One SNP from each of these loci was selected for additional genotyping in stage II. Design failed for one variant (rs12403389), so it was replaced with another SNP in high LD (rs10874915), despite not having a statistically significant association itself. Genotyping failed for one variant (rs745103), and so it could not be further analyzed.
Eight SNPs were found to have significant associations with breast cancer risk in the combined analysis of stages I and II data (Table 3) ; results from the 2 study stages for all 8 were not significantly heterogeneous (P > 0.10; data not shown). One SNP (TGFBR2 rs1078985) had significant associations with breast cancer risk in both study stages, as well as highly consistent risk estimates. When results from the 2 stages were combined, both heterozygotes (OR, 0.84; 95% CI, 0.765-0.93) and homozygotes (OR, 0.73; 95% CI: 0.55-0.97) had significantly lower risks of breast cancer Coverage of HapMap CHB SNPs by our genotyped SNPs for r 2 ¼ 0.8, using a pairwise tagging approach in Tagger.
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than major allele homozygotes (AA). Furthermore, both additive and dominant effect models were highly significant (P < 1.9 Â 10 À4 ). This surpassed a Bonferroni corrected significance threshold for the number of variants evaluated in stage II (P, 0.05/19 ¼ 2.63 Â 10
À3
). In addition, nominally significant associations with breast cancer risk were also found for TGFB2 rs2799086, TGFB2 rs17047740, TGFBR1 rs2026811, TGFBR1 rs10733710, TGFBR2 rs304822, TGFBR3 rs284185, and SMAD3 rs7178117 in the combined analyze, although none of these SNPs had significant associations in stage II. Regression models shown in Table 3 include adjustment for age and genotyping stage when appropriate; additional adjustment for education, age at menarche, age at menopause, age at first live birth, menopausal status, a firstdegree relative with breast cancer, use of hormone replacement therapy, previous history of fibroadenoma, physical activity, body mass index, and waist-to-hip ratio Breast cancer risk for heterozygotes (AB) and minor allele homozygotes (BB), compared with major allele homozygotes (AA), in models adjusted for age and genotyping stage when appropriate; P trend .
did not materially alter these findings (data not shown).
Results for the remaining 11 SNPs evaluated in stage 2 are shown in Supplementary Table S3 ; results from analyses of the 2 stages combined were either nonsignificant or else had significant heterogeneity of associations with breast cancer risk. TGFBR2 rs1078985 was then evaluated among an additional 4,818 subjects from the SBCGS III, as well as among 10,461 participants of 6 collaboration studies (Fig. 2) . Pooled analysis of all data indicated a highly significant recessive effect (OR, 0.76; 95% CI, 0.65-0.89, P ¼ 8.42 Â 10
À4
). This was driven by the results of stage III, in which a 24% reduced risk of breast cancer (OR, 0.76; 95% CI, 0.63-0.93; P value ¼ 6.26 Â 10
À3
) was observed for minor allele homozygotes compared with major allele carriers. To evaluate a potential dual rule of the TGFBR2 rs1078985 SNP with breast cancer risk, further analysis was conducted using data from the SBCGS by tumor stage (Table 4) . Strong additive trends were seen among women with early and midstage disease, while the association with breast cancer risk was attenuated among women with advanced stage cancer (TNM stages III and IV). Heterogeneity tests, however, were not statistically significant (P > 0.10).
Discussion
In this multistage study, we comprehensively evaluated genetic variation of 11 genes in the TGF-b signaling pathway with breast cancer risk among Asian women. One SNP (rs1078985) in intron 3 of the TGFBR2 gene, showed a consistent association in all 3 stages. Pooled analysis revealed a significantly reduced risk of breast cancer in a recessive genetic model (OR, 0.76; 95% CI, 0.65-0.89; P ¼ 8.42 Â 10 À4 ). This novel finding provides support for a role of TGF-b signaling pathway in the etiology of breast cancer. Although the association of rs1078985 with breast cancer risk was identified in our study initially under the additive model (stages I and II), after evaluating data from 7 additional studies, a recessive model seemed to best explain the association. This may be due to the reduced power for detecting recessive associations in stages I and II. Using Quanto, we found that the power to find an association for an SNP with an MAF of 16% was less than 42% for a recessive model in the analysis of stages I and II combined. After including data from the SBCGS III and the 6 collaboration studies, however, we had >87% power to detect such an association.
Results from in silico analysis were supportive of an association between TGFBR2 rs1078985 and breast cancer risk. Using TFSEARCH (32), a web-based program that searches for transcription factor binding sites, an Nkx-2.5 binding site was found to be present when the major A allele was present, but not when the minor G allele was. Nkx-2.5 is a transcriptional regulator of iodide transport in thyroid and mammary cells; a role in cancer has been implicated, as Nkx-2.5 has been shown to be expressed in breast cancer cell lines, as well as in mammary glands during lactation (33) . The ENCODE transcription factor chromatin immunoprecipitation (ChIP) track of the UCSC Genome Browser (Build 36 assembly, hg18; ref. 34) , was also evaluated; this track shows regions where transcription factors have been shown to bind by ChIP with specific antibodies followed by DNA sequencing (35) . SNP rs1078985 was found to be within one experimentally verified transcription factor binding region (NFkB) and adjacent to 7 additional regions, the strongest signal of which was found for PU.1. NF-kB regulates genes involved in the immune and inflammatory responses, as well as genes important for cell proliferation, apoptosis, angiogenesis, invasion, and therefore carcinogenesis (36, 37) . Overexpression of NF-kB1 and NFkB2 has been shown in breast cancer cell lines and breast carcinomas (36) , and many cancer cells show aberrant or constitutive NF-kB activation, which mediates resistance to chemotherapy and radiotherapy (36, 37) . PU.1 is an erythroblast transformation specific-domain transcription factor that binds purine-rich sequences and can regulate alternative splicing of target genes; it has been postulated that PU.1 can reduce the transcriptional activity of the p53 tumor suppressor family, thereby altering cell-cycle regulation and apoptosis (38) . Together, these data provide considerable biologic plausibility for a role for this TGFBR2 SNP in breast cancer etiology.
Four SNPs in TGFB1 (rs1800468, rs1800469, rs1800470, and rs1800471), and 1 SNP in TGFBR1 (rs11466445) have been reported to be associated with breast cancer risk in previous studies (7, 9-13, 15, 16) . Among them, rs1800470 (also known as T29C or rs1982073) has been the most frequently investigated (7, (9) (10) (11) (12) (13) . Similar to other previously reported SNPs, the association of rs1800470 with breast cancer risk has not been robustly replicated (10) . In our study, none of these SNPs were significantly associated with breast cancer risk. Instead, in addition to the one replicated association (rs1078985), 7 additional SNPs (TGFB2 rs2799086, TGFB2 rs17047740, TGFBR1 rs2026811, TGFBR1 rs10733710, TGFBR2 rs304822, TGFBR3 rs284185, and SMAD3 rs7178117) had some evidence for possible associations with breast cancer risk. However, none of these marginally significant associations remained significant after adjusting for multiple comparisons.
Major strengths of this study include a multistage study design with a large sample size, the population-based design of the SBCGS, and a comprehensive and systematic analysis of genetic variants in 11 TGF-b signaling pathway genes. Limitations to be considered include that only the SMAD-mediated TGF-b signaling pathway was evaluated. Although this is the best characterized mechanism of TGF-b signaling, many studies have also shown that TGFbs can exert their effects through SMAD-independent pathways, such as phosphoinositide 3-kinase, mitogenactivated protein kinase, protein phosphatase 2, PKB, extracellular signal-regulated kinase, and c-jun-NH 2 -kinase (7). A further limitation of our study was the relatively low coverage of variants in the TGFB3 and SMAD7 genes. However, our coverage was above 75% for 9 included genes (using an r 2 of 0.8) and was on average very good (83.6%).
In conclusion, our finding of an association between TGFBR2 rs1078985 and a reduced risk of breast cancer among Asian women was not only replicated within the SBCGS, but was also evident among data from 6 collaboration studies. Together, our results support an important role for SNPs in the TGF-b signaling pathway genes in breast cancer susceptibility. These findings may provide new insights into the etiology of breast cancer as well as future potential therapeutic targets.
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